Paecilomyces variotii is a common cosmopolitan species that is able to spoil various food-and feedstuffs and is frequently encountered in heat-treated products. However, isolates from heat-treated products rarely form ascospores. In this study we examined by using molecular techniques and mating tests whether this species can undergo a sexual cycle and form ascospores. The population structure of this species was examined by analyzing the nuclear ribosomal internal transcribed spacer 1 (ITS1) and ITS2 and the 5.8S rRNA gene, as well as partial ␤-tubulin, actin, and calmodulin gene sequences. Phylogenetic analyses revealed that P. variotii is a highly variable species. Partition homogeneity tests revealed that P. variotii has a recombining population structure. In addition to sequence analyses, mating experiments indicated that P. variotii is able to form ascomata and ascospores in culture in a heterothallic manner. The distribution of MAT1-1 and MAT1-2 genes showed a 1:1 ratio in the progeny of the mating experiments. From the sequence analyses and mating data we conclude that P. variotii is the anamorph of Talaromyces spectabilis and that it has a biallelic heterothallic mating system. Since Paecilomyces sensu stricto anamorphs group within Byssochlamys, a new combination Byssochlamys spectabilis is proposed. (2) is a common cosmopolitan mold found in soils, indoor environments, plants, animals, and foodstuffs (33, 39, 40, 42) . It is a fast-growing thermotolerant fungus that is able to grow at low oxygen levels and in the presence of preservatives, able to form the mycotoxin viriditoxin, and able to survive heat treatments (19, 33) . The combination of the previously mentioned features makes this species an important organism and one of the most frequently encountered spoilage fungi in various foodstuffs. This species is one of the most heat-resistant fungi known, and its presence in pasteurized beverages causes great economic losses (52). Although P. variotii produces thick-walled hyphae and chlamydospores, ascospores, which are usually considered to be the heat-resistant propagule in other fungi, are rarely found in culture. As a result, the route of P. variotii contamination remains mostly unknown (19). Besides spoiling food, it is also associated with many types of human infections. Endocarditis is the most common infection produced by this species and has a very bad prognosis (5). Industrial applications have also been proposed with P. variotii isolates; examples include tannase production (3, 28) and biofiltration of toluene (7, 10).
Paecilomyces variotii Bainier
is a common cosmopolitan mold found in soils, indoor environments, plants, animals, and foodstuffs (33, 39, 40, 42) . It is a fast-growing thermotolerant fungus that is able to grow at low oxygen levels and in the presence of preservatives, able to form the mycotoxin viriditoxin, and able to survive heat treatments (19, 33) . The combination of the previously mentioned features makes this species an important organism and one of the most frequently encountered spoilage fungi in various foodstuffs. This species is one of the most heat-resistant fungi known, and its presence in pasteurized beverages causes great economic losses (52) . Although P. variotii produces thick-walled hyphae and chlamydospores, ascospores, which are usually considered to be the heat-resistant propagule in other fungi, are rarely found in culture. As a result, the route of P. variotii contamination remains mostly unknown (19) . Besides spoiling food, it is also associated with many types of human infections. Endocarditis is the most common infection produced by this species and has a very bad prognosis (5) . Industrial applications have also been proposed with P. variotii isolates; examples include tannase production (3, 28) and biofiltration of toluene (7, 10) .
Ascomycetes with anamorphs in the genera Penicillium, Aspergillus, and Paecilomyces have been classified in the Trichocomaceae family (2, 29, 30, 34) . The connection of Paecilomyces anamorphs with the ascomycete Byssochlamys was first proposed by Stolk and Samson (44) . A recent molecular study revealed that P. variotii forms a well-defined clade within the Trichocomaceae, together with other thermophilic Paecilomyces species and Byssochlamys teleomorphs (26) . This clade also includes Talaromyces spectabilis Udagawa & S. Suzuki, a species with an anamorph similar to P. variotii. Morphological examination of isolates of this species showed that it has a Byssochlamys instead of a Talaromyces teleomorph (19) . Like P. variotii, this species also occurs in heat-processed products due to the formation of heat-resistant ascospores.
The first aim of the present study was to elucidate the genetic diversity among P. variotii isolates and to investigate the population structure of P. variotii using multigene phylogenies. To address this, phylogenetic analyses were conducted by using sequences of the internal transcribed spacer (ITS) region of the nuclear ribosomal DNA gene cluster encompassing ITS1 and ITS2 and the 5.8S rRNA gene, as well as partial ␤-tubulin, actin, and calmodulin sequences. To reveal the structure of the examined P. variotii population, partition homogeneity tests have also been conducted. A further aim was to determine whether the formation of a sexual state could be elicited in P. variotii. This was done by carrying out mating experiments between selected isolates, which were obtained from heattreated products. These isolates were chosen because these were most likely to form ascospores since these structures are needed to survive the heat treatment. A final aim was to investigate the presence of the mating-type genes MAT1-1 and MAT1-2 in these isolates. To address this, degenerated primers were designed, and subsequently species-specific primers were made and used for the determination of the presence of these mating genes in individual P. variotii isolates.
MATERIALS AND METHODS
DNA isolation, amplification, and sequencing. Sixteen P. variotii strains were selected for the phylogenetic analyses, and the type culture of P. brunneolus CBS 370.70, which is a closely related separate species (J. Houbraken et al., unpublished data), was used as an outgroup (Table 1 ). The majority of the strains came from the United States, and were isolated from independent sources in 2003, 2005, and 2006 . The cultures were grown on malt peptone broth using 10% (vol/vol) of malt extract (Oxoid, Basingstoke, United Kingdom) and 0.1% (wt/ vol) Difco Bacto peptone (Becton-Dickinson, Le-Pont-de-Claix, France), 2 ml of medium in 15-ml tubes. The cultures were incubated at 25°C for 3 to 4 days. DNA was extracted from the cells by using a Masterpure yeast DNA purification kit (Epicenter Biotechnology, Madison, WI) according to the instructions of the manufacturer. Fragments containing the ITS region were amplified by using primers LS266 and V9G (13) . Amplification of part of the ␤-tubulin gene was performed using the primers Bt2a and Bt2b (14) , and amplifications of the partial calmodulin and actin genes were set up as described previously (15) . Both strands of the PCR fragments were sequenced with the ABI Prism BigDye Terminator v.3.0 ready reaction cycle sequencing kit (Applied Biosystems, Foster City, CA). Samples were analyzed on an ABI Prism 3700 genetic analyzer (Applied Biosystems, Foster City, CA), and contigs were assembled by using the forward and reverse sequences with the program SeqMan from the LaserGene package (DNAstar, Inc., Madison, WI).
Phylogenetic analysis. Alignment of the sequences was preformed with the CLUSTAL W program in MEGA 3.1 (24, 50) , and manual adjustments were made to maximize homology. The phylogenetic analyses of the sequence data were carried out by using PAUP version 4.0b10 (45) . Maximum-parsimony analysis was performed for all data sets by using the heuristic search option. The robustness of the most parsimonious trees was evaluated by 1,000 bootstrap replications. Other relevant statistics included tree length, the consistency index (CI), the retention index (RI), and the rescaled consistency index (RC). The partition homogeneity test was used to examine the null hypothesis of recombination. In this test, the observed sites from the four genes for each individual were pooled and resampled without replacement to produce an artificial data set in which sites have been swapped randomly among loci. The obtained ITS, ␤-tubulin, actin, and calmodulin sequences were deposited at the GenBank nucleotide sequence database (Table 1) .
Mating tests. Single conidial isolations of 19 P. variotii isolates (Table 2) were made prior the experiments. Subsequently, the isolates were grown on malt extract agar (Oxoid) for 7 days at 25°C. After incubation the conidia were dislodged from the agar surface by means of a needle, and suspensions were prepared in 30% glycerol and stored at Ϫ20°C until use. Two aliquots of 10 l each, representing two different strains, were pipetted on potato dextrose agar (2% glucose [Merck KGaA, Darmstadt, Germany], 2% agar [Oxoid], 73% distilled water, 23% homemade potato extract) in a streak at a distance of approximately 3 to 4 cm. Isolates were mated in all possible combinations. Controls consisted of inoculations of one isolate to both sides of the plate, and interspecies matings were also tested with P. brunneolus CBS 370.70 and P. maximus CBS 
The results are scored with "Ϫ" when no ascomata are formed and with "ϩ" when ascomata were detected.
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121584. The plates were incubated for 6 to 9 weeks at 30°C in darkness. After incubation, the plates were scored with a dissecting and/or light microscope for the presence of fruiting bodies (Fig. 1) . For screening the fertility of the progeny (F 1 ), 15 single ascospore isolates from four different parent strains (CBS 121582 ϫ CBS 121583, CBS 121581 ϫ CBS 121582, CBS 121581 ϫ CBS 121578, and CBS 121581 ϫ CBS 121577) were obtained, resulting in 60 single ascospore isolates. The single ascospore isolations were made by isolating the ascomata of a crossing and subsequently making ascospore suspensions by using glass beads. The conidia were killed by heat treatment for 10 min at 85°C, and a decimal dilution was made from each suspension. After plating, single colonies were picked after 2 to 3 days of incubation and transferred to a malt extract agar plate. Crossings with these isolates were made as described above. The only difference was that mating-type tester strains CBS 121581 and CBS 121582 were used to determine the mating type. Negative controls with one isolate were used; the mating-type tester strains were used as a positive control.
Designing MAT1-1-and MAT1-2-specific primers for P. variotii isolates. Degenerate primers for the amplification of the MAT1-1 and MAT1-2 genes were developed. These primers were designed based on the full genome data of predwelling at 94°C for 4 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 50 s, and extension at 72°C for 1 min, with a final postdwelling at 72°C for 5 min. In the subsequent seminested PCR, the primers MAT1-F2new and MAT1-R1new were used (MAT1-R1new [5Ј-GDAYRATK GARTASGCYTTYGC-3Ј]). The PCR mixture and protocol were similar to that described above; the only modification was the annealing temperature, which was set to 63°C. For amplification of the MAT1-2 gene, the degenerated primers HMG-F1 (5Ј-CCNAAYGCNTTYATHYTNTAYMG-3Ј) and HMG-R1(5Ј-YN KYTCNSWNGGYTTNCKNGG-3Ј) were used. The PCR mixture and protocol were similar to that described above, with the exception of the annealing temperature, which was set to 48°C. The following seminested PCR was performed with the primer pair HMG-F1 and HMG-R2 (5Ј-KNGGNGYRTANTGRTAR TYNGG-3Ј). The PCR conditions were similar to the first run, except for the annealing temperature, which was 56°C. After we performed the seminested PCR, we sequenced the amplicons as described above. The contigs were assembled by using the forward and reverse sequences with the program SeqMan from the LaserGene package (DNAstar, Inc., Madison, WI). The obtained sequences were used to develop P. variotii specific mating-type primers.
Screening of P. variotii mating type-specific primers. DNA was extracted as described above and used as a template for amplification of the MAT1-1 and MAT1-2 genes. The primers used for the amplification of a part of the MAT1-1 and MAT1-2 were designed from sequences obtained via the previously described seminested PCRs and were the aligned with sequences of P. marneffei (GenBank accession numbers DQ340761 for MAT1-1 and DQ340762 for MAT1-2). For the amplification of the MAT1-1 gene, the primers MAT1-F1-VarSp (5Ј-TATGCCTCCTGGTGAGCTGG-3Ј) and MAT1-R2-VarMar 5Ј-GA TCCCRGAYTTSGYCTTCTG-3Ј) were used. The primers MAT2-F1Paec (5Ј-AYCAYCAYCCKATYGTCAAAGC-3Ј) and MAT2-R1Paec (5Ј-GYTTGCGY TTTATCTSCTCYGC-3Ј) were used for the amplification of a part of MAT1-2 gene. Multiplex PCR was used to screen for the presence of the MAT1-1 or MAT1-2 gene of P. variotii in one reaction. The reaction mixtures were performed in 25-l mixtures containing 1.0 l of genomic DNA; 3.0 l of MgCl 2 (25 mM); 2.5 l of PCR buffer; 1.85 l of deoxynucleoside triphosphate (1 mM); 0.10 l of Taq polymerase (5 U/l; Genaxxon Bioscience GmbH, Biberach, Germany); 14.65 l of demineralized water; 0.50 l of the primers MAT1-F1-VarSp, MAT2-F1Paec, and MAT2-R1Paec; and 2.50 l of the primer MAT1-R2-VarMar (all primers were at a concentration of 10 mM). PCR products were obtained by using the following PCR program: predwelling at 94°C for 
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min, and extension at 72°C for 1 min, followed in turn by postdwelling at 72°C for 5 min.
RESULTS

Phylogenetic analyses.
For examining the genetic diversity and population structure of P. variotii isolates, 16 strains were selected, together with the type strain of T. spectabilis. Most of these strains originated from heat-treated products or were isolated by a heat shock method. To address the question of reproductive mode, partial sequences of three protein coding genes (␤-tubulin, actin, and calmodulin) and the ITS region were analyzed (Fig. 2) . Phylogenetic analyses of the ITS, ␤-tubulin, actin and calmodulin data sets revealed the existence of two, five, six, and five genotypes, respectively. The MP trees based on ITS, ␤-tubulin, and actin sequences all had consistency index of 1.000, indicating that there was no homoplasy within any of these data sets, with no evidence for intragenic recombination. The partition homogeneity test was used to examine the null hypothesis of recombination. Under clonality, the sums of the lengths of the gene trees for the observed and resampled data should be similar, while under recombination the sums of the tree lengths should be longer than that of the actual data (12) . The average summed tree length of the combined artificial data set was 15 steps longer than the actual summed tree length, which was 37 steps. The analysis showed that the four data sets could not be combined (P ϭ 0.001), which indicates that recombination occurred between these loci.
Mating experiments. Seventeen P. variotii strains were crossed in all possible pairings to identify the capacity to undergo teleomorph stage development. Fruitbodies were detected in 14 isolates (Table 2) . Strikingly, all of these strains were isolated from heat-treated products or isolated by a heat shock method. Mating was also observed between P. variotii isolates and the type strain of T. spectabilis. Ascoma development was not observed in any mating tests which involved isolate CBS 102.74, the type culture of P. variotii, CBS 338.51 originating from fruit juice and CBS 110431, a strain isolated from rye bread. No interspecies mating was observed with P. maximus CBS 121584, which was isolated from heat-shocked sucrose and with the closely related species P. brunneolus CBS 370.70. Of the analyzed fertile strains, six belonged to one mating type, and eight belonged to the other. This indicates that heat resistance is not connected to the mating type.
To test the fertility of the progeny, 15 single-ascospore isolates were obtained from four different pairings (CBS 121582 ϫ CBS 121583, CBS 121581 ϫ CBS 121582, CBS 121581 ϫ CBS 121578, and CBS 121581 ϫ CBS 121577), resulting in 60 single ascospore isolates. These isolates were crossed against matingtype tester strains, and 29 of them were found to represent each mating type, indicating that fertile mating occurs in culture. Two isolates did not mate with the tester strains and were scored as infertile. The 1:1 ratio is in agreement with the Mendelian segregation of mating type and suggests the presence of a biallelic mating-type system in P. variotii. Detection of MAT1-1 and MAT1-2 idiomorphs. Amplification reactions, using the designed P. variotii specific matingtype primers, resulted in a 334-bp fragment for MAT1-1 and a 188-bp fragment for MAT1-2 (Fig. 3) . Sequences of the amplified fragments were deposited in GenBank (accession numbers EU037085 for MAT1-1 and EU037067 for MAT1-2) and were found to be homologous to mating-type genes of other fungi. The distribution of MAT-specific PCR amplicons correlated perfectly with the mating-type phenotype obtained from the conventional crossings. The type strain of T. spectabilis was found to carry MAT1-1. The results of the conventional mating-type study showed that three P. variotii strains (CBS 338.51, CBS 102.74, and CBS 110431) were not able to mate with any of the tested strains; nevertheless, their MAT idiomorphs could be detected. The strain isolated from rye bread had a MAT1-1 idiomorph, whereas the type culture of P. variotii and CBS 338.51, an isolate from fruit juice, had a MAT1-2 motif.
DISCUSSION
The genetic variability of P. variotii observed in this study was remarkably high compared to that of other species in the Trichocomaceae. For example, regarding the variability of the ITS region, six parsimony informative sites were present, while some Aspergillus species cannot even be distinguished using ITS sequence data alone (41, 55) . The two clades identified in P. variotii based on ITS sequence data are less related to each other than, e.g., A. niger to A. tubingensis (41) or A. ibericus to A. carbonarius (43) . However, mating experiments revealed that these clades represent a single biological species. Similarly high variability was observed in the protein coding regions (Fig. 2) . Further studies are needed to clarify the significance of this large intraspecific diversity.
Two basic population structures are known in fungi, the clonal and the recombining one. In the case of clonal reproduction, each progeny has only one parent, and its genome is an exact mitotic copy of its parent, while recombining populations develop through meiotic recombination after mating or through a parasexual cycle (mitotic recombination [49, 54] ). Several methods have been described for distinguishing recombination from clonality in fungal populations (1, 49) . All of these methods are based on the assumption that under clonality different regions of the genome are inherited as a unit, while in the case of recombination they may have different evolutionary histories. We applied one of these methods, the partition homogeneity test, to reveal the structure of the examined P. variotii population. This test has previously been used to examine the population structures of several fungi, including A. flavus (12) , Coccidioides immitis (22) , Letharia species (23), and Metarrhizium anisopliae (4) . The partition homogeneity tests revealed that the four data sets are incongruent, indicating that P. variotii has a recombining population structure. The observed recombining population structure can be the result of either parasexual processes, past meiotic exchanges, or the presence of an undetected, "cryptic" sexual stage. To examine whether recombination was caused by the presence of a "cryptic" sexual cycle in P. variotii, mating experiments have been carried out. These experiments revealed that P. variotii isolates are able to reproduce sexually if isolates carrying opposite mating types are crossed, i.e., this species has a heterothallic lifestyle. The majority of species in the Trichocomaceae family are homothallic, with eight confirmed exceptions. Six of the exceptions belong to the genus Neosartorya (N. fennelliae, N.spathulata, N. nishimurae, N. udagawae, N. indohii, and N. tsurutae [16, 17, 25, 46, 48] ), one belongs to the genus Emericella (E. heterothallica [36] ), and Talaromyces derxii belongs to Penicillium subgenus Biverticillium (47) .
Sexual reproduction in filamentous ascomycetes is controlled by idiomorphic mating-type alleles, MAT1-1 and MAT1-2, which contain one to three genes. Of these genes, MAT1-1-1 and MAT1-2-1 encode putative transcription factors and are thus considered to be the major regulators of sexual communication and mating (21) . Homothallic species contain both mating types, while for heterothallic fungi, the two mating types carry either of the two idiomorphs. Examination of the frequency and occurrence of mating-type genes in a population is a method to test the possibility of sexual reproduction and was used to reveal that fungi including, e.g., P. marneffei (56) and A. fumigatus (31, 35) , could have a heterothallic mode of reproduction. Distribution of the MAT idiomorphs in the progeny of the mating tests was found to be 1:1, indicating the presence of a biallelic heterothallic mating system in P. variotii. Previous phylogenetic studies revealed that P. variotii is closely related to the homothallic species Byssoch- lamys nivea and B. fulva, raising questions about the evolution of sexual reproduction in this genus (26) . In the Aspergillus genus, homothallism was suggested to be an ancient character based on phylogenetic analysis of ␤-tubulin and hydrophobin sequences (11) and on genomic data (9) . However, more recently, heterothallism has been proposed to be ancient in aspergilli (38) and in several other fungal groups, including the genus Cochliobolus (57), yeasts (6, 8) , and Fusarium species (20, 51) . We presume that heterothallism is the ancient character in this genus as well; however, further studies are needed to clarify the evolution of sex in the Byssochlamys genus. P. variotii is a heat-resistant spoilage fungus that is frequently encountered from pasteurized products. We have detected P. variotii as a heat-resistant spoilage organism in various food products and ingredients, including pectin and beverages (Emilia Rico, unpublished data). In these isolates ascospores were rarely observed and, although the D-value was determined (19) , the heat resistance was often questioned. Our observation that P. variotii represents a heterothallic fungus, which possibly produces its heat-resistant ascospores in raw materials or in habitats where mating can take place, gives more insight in the presence of this species in pasteurized foods and beverages. This is the first report on a heterothallic species causing food spoilage. Ascospore production in nature may contribute to its heat resistance, thus posing a selection pressure on maintaining their mating abilities. The type strain of P. variotii and two other isolates did not mate with any of the tested strains, indicating that they lost the ability to reproduce sexually. This could have been caused by the long-term maintenance and subculturing in the culture collection. Gradual degeneration of various traits due to long-term subculturing, including virulence, spore-forming abilities (37), metabolite production (27) , the formation of mycotoxins and sclerotia (18) , and mating abilities (J. Varga, unpublished data) have previously been observed in several fungi. However, another possibility is that some of these isolates lost their mating abilities due to the lack of selection pressure from the environment. For example, strain CBS 110431 was isolated from rye bread, where the production of heat-resistant ascospores is not a prerequisite for spoilage. This isolate might have lost its mating ability via repeated clonal reproduction in the production plant environment.
During PCR amplification of MAT genes, complete correlation was observed between the results of the mating experiments and the presence of either MAT1-1 or MAT1-2 in the isolates. We could not detect any correlation between the presence of either MAT genes in the isolates, and their position on the trees, as expected for a recombining population. The results of the phylogenetic analyses and the mating experiments confirmed that P. variotii represents the anamorph of T. spectabilis. However, placement of this species in the genus Talaromyces is not correct and should be transferred to Byssochlamys (19) Twenty-four single spore isolations have been made from the type culture of B. spectabilis CBS 101075. These isolates were tested for the presence of mating-type idiomorphs, using the multiplex PCR as described above. The results showed that all isolates had a MAT1-1 idiomorph. Since the teleomorph was detected in this strain by Udagawa and Suzuki (53) , it is very likely that the original material was a mixed culture containing both mating types of this heterothallic species.
Examination of the population structure by phylogenetic methods revealed the presence of recombination in several species in the Trichocomaceae family that were considered previously to reproduce only asexually (clonally), including A. flavus, A. fumigatus, A. nomius, A. lentulus, and P. marneffei (11, 31, 32, 56 ; S. A. Balajee and D. Nickle, unpublished data). However, the sexual stage of none of these anamorphs could be recovered thus far. In addition, the present study is one of the few examples in the order Eurotiales in which a teleomorph-anamorph relationship could be established based on both the phylogenetic and the biological species concept.
